ABSTRACT
INTRODUCTION
A simulator for pressurized water reactors (PWRs) called SIMBAT-PWR has been developed by BATAN for manifesting the human resource competence on nuclear reactor technology [1] . The simulator development is also for enhancing the understanding of NPP technologies especially the NPP's safety system to the government, society and student. Theoretically, the generated heat in a generic PWR core with power of 1000 MWe (PWR1000) as simulator model is transferred by the primary coolant to generate steam in the steam generator. The generated steam will drive turbines for generating electricity. In the simulator development, the actual reactor operating parameters is designed to be displayed in real-time for showing the NPP operating condition, according to the power operations condition, such as coolant, fuel and cladding temperatures. Therefore, the user expects to study and monitor the behavior of NPP operation that could be fulfilled by the simulator during operation condition of startup, power rise or power transient from zero power to targeted reactor power level, and steady state at certain power level.
The research progress that supports NPP simulator development, has accomplished the module development for the determination of the radial distribution and fuel temperature [1] as well as thermal-hydraulic evaluation for AP1000 core and sub channel design [2] . In point of view of data completeness, PWR1000 design has been selected to be the model of the PWR simulator. Therefore, the thermal-hydraulic calculations for transient and steady state that required core material properties of meat, cladding, moderator and core grid, could be possibly done.
The simulator validation using the designed PWR1000 data and the standard code calculation is needed. However, the previous thermal-hydraulic analysis above has been carried out only at steady state. Consequently, more effort must be done at transient condition such as reactor's startup, rising to the nominal power, operating at nominal power and shut down conditions. Furthermore, there is more important effort that the simulator should be completed with the analysis for power perturbation to anticipate the power fluctuations (nominal power -over powernominal power) that occurred by operation errors. Therefore, the NPP simulator should be able to show all important values of thermal-hydraulic parameters as shown in the real reactor screen in a control room and as much as possible to have accurate parameters. This paper presents a validation of SIMBAT-PWR using standard code of COBRA-EN on reactor transient condition of (i) startup and power rise to nominal 100% power, and (ii) fluctuation of the nominal power towards over power 118% and return to the nominal 100% power.
The research purpose is for characterizing the core thermal-hydraulic parameters of PWR1000 in order to validate a NPP simulator, which is SIMBAT-PWR. The characterization of core thermal-hydraulic parameters of PWR was conducted on the reactor condition of start-up, rising power to the nominal power, stable at nominal power, and in anticipating power rise to over power, using computer code of COBRA-EN and PWR1000 design as reference. The benefit of this research is for a comparative analysis that is applied in the core thermal-hydraulic parameter characterization of SIMBAT-PWR.
THEORY

SIMBAT-PWR for Transient Simulation
SIMBAT-PWR has been developed by BATAN to simulate the NPP with respond time of a second as real time control room. Therefore, the neutronics and thermal-hydraulics calculation have been simplified so that the calculation result could be shown in screen for every second without any more delay time. The heat generated in fuel is removed by light water so that the calculation of temperature distribution is started from bulk water, outer cladding, inner cladding, outer meat, and centerline meat [1] . The SIMBAT-PWR screen showed the temperature distribution in a rod fuel hot spot at 100% power (right bottom side) as shown in Fig. 1 . The simulation of SIMBAT-PWR for startup and power rise condition refers to the operating procedure for PWR1000's Nuclear Steam Supply System (NSSS) [3] . The startup procedure below, applied to routine plant operation procedure. The procedure also depends on the plant condition that exist at the begining of operation. There were two types of startup, i.e., cold startup and hot startup. The major difference between the initial conditions of both startups was shown in Table 1 . The cold startup is initiated to conduct reactor operation from shutdown condition in whicht the Reactor Cooling System (RCS) is depressurized. The hot startup is initiated to return to power operation following a shutdown condition, which does not require RCS depressurization, such as a restart following a turbine trip. The estimation of startup time required by PWR1000's NSSS for each startup condition is shown in Table 2 . Table 2 . Estimation startup time in hours required by PWR1000's NSSS [3] .
Operation
Cold ψ Hot β 1. Raise primary system pressure to 2.8 MPa and raise pressure temperature to saturation at 2.8 MPa.
6.5 -2. Drain pressurizer to no-load operating level, maintaining system pressure at 2.8 MPa. 
COBRA-EN Code
The COBRA-EN code provides a capability for the analyses of the steady-state and transient condition of NPP of Light Water Reactor (LWR). This computer code uses the channel and sub channel analysis approach to determine the enthalpy and flow distribution in rod bundles for both steady state and transient conditions. The input data of this code are fuel rod geometry, thermal properties of fuel and cladding, the linear power, inlet mass flux for fuel channels and inlet coolant temperature, system exit pressure. The output are core pressure drop, distribution of enthalpy, coolant flow rate, fuel and cladding temperatures, heat flux, DNBR and heat transfer coefficient. This code has been used for several analyses such as thermal-hydraulic evaluation for AP1000 core and subchannel design [2] , the influence of nozzle and spacer grid [4] , radial and axial power fluctuation [5] , VVER reactors [6] [7] [8] [9] [10] [11] [12] .
There are two options for inputing the thermal properties of fuel and cladding in COBRA-EN input data. First option is by using fix values of thermal conductivities and specific heat of fuel and cladding. Second option is by using thermal conductivities and specific heat of fuel and cladding as a temperature functions (the value changed based on temperature reference) that will be calculated by MATPRO sub routine [13] . The sub routine of MATPRO uses several equations for calculating thermal conductivities and specific heat of fuel and cladding as a temperature functions, so that MATPRO has been used in analysis in VVER [12] and LWR [14] [15] .
The specific heat capacity in MATPRO is modelled empirically as functions of four parameters, i.e. temperature, composition, molten fraction and oxygen to metal ratio. The equation for specific heat of solid UO 2 is shown in Equation (1) [13] .
[ ]
where:
7 (J/kg) R : universal gas constant = 8.3143 (J/molK) Θ : the Einstein temperature = 535.285(K) E D : activation energy for Frenkel defect(J/mol) It should be noted that the constants K 1 , K 2 , K 3 , θ and E D determined for Equation (1) were only valid at fuel temperature above 300 K. The standard error of the specific heat capacity equation of UO 2 was + 3 J/kgK [16] . The corelation of thermal conductivity of uncracked UO 2 fuel in MATPRO was shown in Equation (2) 
fraction of theoretical density (⋅) C V : phonon contribution to the specific heat at constant volume (J/kgK) e th : linear strain caused by thermal expansion when temperature was upper that 300K (⋅) T :
fuel temperature (K) T' : porosity correction T'= 6.50 -T(4.69×10 -3 ) for temperature < 1364K, T'= -1 for temperature > 1834K, and T' was found by interpolation, for temperature in the range 1364 to 1834K T" : fuel temperature, if T < 1800K, T" = 2050K for fuel temperature> 2300K, and T" was found by interpolation, for temperature in the range 1800 to 2300K A : a factor proportional to the point defect contribution to the phonon mean free path (ms/kgK). The equation factor is 0.339 + 12.6 × absolute value (2.0 -O/M ratio) B :
a factor proportional to the phonon-phonon scattering contribution to the phonon mean free path (ms/kgK). The equation factor is 0.06867 ×(1 + 0.6238 × plutonium content of fuel)
The data base of specific heat capacity of Zircaloy-4 in MATPRO was shown in Table 3 . The corelation of thermal conductivity of Zircaloy in MATPRO, that is used for temperature is less than 2098 K, was shown in Equation (3) . The standard error of the thermal conductivity for Zircaloy in equation (3) 
k : thermal conductivity of Zircaloy (W/mK) T : temperature of Zircaloy (K)
METHODOLOGY
The validation of SIMBAT-PWR Simulator was done by the result comparison of the SIMBAT-PWR calculation to a standard code of COBRA-EN. The COBRA-EN calculation for PWR1000 were done by using several steps as explained below:
1. Utilize two calculation schemes based on COBRA-EN code: 1.a. First calculation utilizes COBRA-EN. The thermal-hydraulic analysis was done by using input data of fixed thermal properties of fuel and cladding, respectively (see Table 4 ), 1.b. Second calculation utilizes COBRA-EN+MATPRO for thermal property calculation as a temperature function, respectively (see Table 4 ). 2. Calculate both schemes by using of COBRA-EN code, and analyze the thermalhydraulic parameters for the condition below: 2.a. Startup and power rise to nominal 100% power, simulate hot startup at zero power and continues to power rise to nominal 100% power. 2.b. Anticipated operation of power fluctuation, simulates reactor power rise from nominal 100% power to 118% over power and return to the nominal power. 3. Compare and analysis the output of SIMBAT-PWR to the output COBRA-EN and the output of COBRA-EN+MATPRO. The thermal properties of UO 2 fuel and Zircaloy-4 cladding that are utilized in validation of SIMBAT-PWR and COBRA-EN code are shown in Table 4 . The calculation using COBRA-EN used PWR1000 core data that consists of 193 fuel assemblies, 3.66 m active length, with power generation of 3411 MWt and core coolant flow-rate of 60.10×10
6 kg/h. The fuel rod length between center to center is 1.26 cm, outer diameter is 0.95 cm, cladding thickness is 0.0572 cm and fuel pellet diameter is 0.819 cm [1] . The operation limit for fuel centerline temperature shall be lower than 2800 o C for prevention of center-line melt [16] , the oxide fuel average temperature shall be lower than 1400 o C for steady and nominal power [16] , the Minimum Departure from Nucleate Boiling Ratio (MDNBR) shall be greater than 2.17 [16] for nominal power and 1.3 for design transient as well as over power [16] . COBRA-EN code used time step as shown in Table 5 for startup and Table 6 for power rise and power fluctuation. Table 7 shows the comparison of the SIMBAT-PWR calculation results at nominal 100% power to a standard code of COBRA-EN. The fuel centerline temperature is 1649.0 °C for SIMBAT-PWR, 1504.55 °C for COBRA-EN and 1775.95 °C for COBRA-EN+MATPRO. The SIMBAT-PWR result is between COBRA-EN with deviation of -8.76% and COBRA-EN+MATPRO with deviation of 7.70%. However, Fig. 2 shows the comparison of temperature increase in fuel centerline due to reactor power increase. If the reactor power less than 80%, the fuel centerline temperature in SIMBAT-PWR becomes greater than either COBRA-EN or COBRA-EN+MATPRO, due to less of fuel thermal conductivity utilization effects on greater fuel temperature. In case of COBRA-EN+MATPRO calculation, the thermal conductivity is greater than or equal to 3.6 W/m°C that is calculated by equation (1) and (2) . In contrary, if the reactor power is greater than 80%, the dynamic material properties calculated by MATPRO sub routine will decrease conductivity to be lower than fix conductivity in SIMBAT-PWR. Therefore, the fuel temperature in COBRA-EN+MATPRO will increase and exceed the SIMBAT-PWR calculation results as shown in Fig. 2 . Figure 3 shows temperature distribution in a rod fuel at nominal power of 100%. As it can be seen in Fig. 3 , SIMBAT-PWR calculation result is mostly between COBRA-EN and COBRA-EN+MATPRO results. The deviation of the fuel centerline temperature in the SIMBAT-PWR and the COBRA-EN, is due to the value difference of the gap heat transfer coefficient and the cladding thermal conductivity. Smaller thermal conductivity of the SIMBAT-PWR causes the temperature difference of outer and inner cladding calculated by SIMBAT-PWR to be higher than COBRA-EN. On the other hand, the peak fuel centerline temperature of the COBRA-EN+MATPRO was higher than the one of the SIMBAT-PWR. It was caused by the value of thermal conductivity of COBRA-EN+MATPRO due to temperature function. Thermal conductivity as temperature function means that because the peak fuel centerline temperature was higher than the fuel surface temperature so that thermal conductivity in the centerline was smaller than the one on the edge or heat transfer in fuel center was worse than the heat transfer in the edge, so that the peak fuel center line temperature of COBRA-EN+MATPRO was higher than the one of SIMBAT-PWR. Furthermore, the temperature comparison between COBRA-EN+MATPRO (thermal equation) and COBRA-EN (fixed thermal properties) shows larger deviation in Fig. 2 and Fig. 3 . Although COBRA-EN+MATPRO code utilizes thermal property equation, the resulted fuel centerline temperature is higher than COBRA-EN code. However, the resulted fuel surface and inner cladding temperatures are lower with insignificant deviation as shown in Figure 3 . The fuel meat surface and 
RESULT AND ANALYSIS
Startup and Power Rise Condition
Power Fluctuation
Validation for 118% overpower fluctuations has been done. The comparison of calculation results between SIMBAT-PWR, COBRA-EN, and COBRA-EN+MATPRO at over power 118% are shown in Table 8 . The calculation result deviation for fuel centerline temperature between SIMBAT-PWR and COBRA-EN is -1.45% in which the temperature is 1735.95 °C for SIMBAT-PWR and 1713.85 °C for COBRA-EN. Furthermore, the advanced deviation increases to 20.25% in comparison with COBRA-EN+MATPRO. The comparison result on power fluctuation agrees with previous comparison on startup and power rise. The SIMBAT-PWR calculation results for fuel centerline temperature between COBRA-EN and COBRA-EN+MATPRO are shown in Table 8 . temperature increase of SIMBAT-PWR is preferred between COBRA-EN and COBRA-EN+MATPRO or at least close to 13.91% temperature increase (should be about 1878 °C). Figure 4 shows another detail effect of power fluctuation of 118% over power. The outer clad temperature of SIMBAT-PWR increase 0.34% from 344.0 °C to 345.17 °C, in which COBRA-EN and COBRA-EN+MATPRO have the similar cladding temperature increase of 0.29%. The cladding temperature increase comparison shows that SIMBAT-PWR has acceptable calculation result. In the core thermal-hydraulics calculation, the SIMBAT-PWR and COBRA-EN code have similar method for calculating temperature distribution in bulk coolant, outer cladding, inner cladding, fuel meat wall, and fuel centerline.
CONCLUSIONS
The validation of SIMBAT-PWR has been done by the utilization of COBRA-EN and COBRA-EN+MATPRO for transient operation condition of startup, power rise and fluctuation power from nominal 100% power to overpower 118%. The comparison of the temperature distribution at nominal 100% power shows that the fuel centerline temperature calculated by SIMBAT-PWR has 8.76% higher than COBRA-EN calculation result. However, the utilization of MATPRO subroutine based on dynamic property calculation shows 7.70% higher than SIMBAT-PWR. Furthermore, the similar comparison at over power 118% shows that the fuel centerline temperature calculated by SIMBAT-PWR has 1.45% higher than COBRA-EN and 20.25% lower than COBRA-EN+MATPRO. In general, SIMBAT-PWR calculation results on fuel temperature distribution are mostly between COBRA-EN and COBRA-EN+MATPRO results. In the case of power fluctuation until over power 118%, the SIMBAT-PWR show similar area calculation results, between COBRA-EN and COBRA-EN+MATPRO results. The deviations of the fuel centerline, fuel surface, inner and outer cladding as well as coolant bulk temperature in the SIMBAT-PWR and the COBRA-EN, are due to the value difference of the gap heat transfer coefficient and the cladding thermal conductivity.
